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Introduction 
Blast-induced neurotrauma is one of the principal causes 
of casualties in the Iraq and Afghanistan wars [1]. Al-
though improved head protective equipment has pro-
vided better protection from injuries resulting from blunt 
impacts, shrapnel or projectiles, they are not designed for 
protection against blast waves, leading to an increased in-
cidence of mild traumatic brain injury (mTBI) [2]. The mTBI 
is often sustained without any signs of external injury or 
any visible findings from magnetic resonance imaging, 
making it difficult to identify the exact cause and potential 
injury mechanisms. Several potential injury mechanisms 
are proposed, including direct transmission of pressure 
waves through the cranium, skull flexure, and propaga-
tion of pressure pulse through the thorax [3-5]. Recently, 
high incidence of ear injuries during blast events also led 
to a hypothesis that blast waves could surge into the brain 
through the ear canal or opening [6, 7]. Shock tube tests 
on a spherical gelatin filled skull-brain surrogate have 
shown an increased intracranial pressure (ICP) and im-
pulse due to the presence of openings in the skull [8, 9]. 
In addition, the role of openings in the ICP is also found 
to be dependent on brain materials. An eggshaped head 
surrogate test showed no remarkable changes in positive 
intracranial pressure, but the tensile stress at the posterior 
location of the head was decreased by 21% for the sur-
rogate with openings [10]. Although these studies have 
demonstrated the influence of openings on the brain dy-
namics, the limitation is that an opening is generally con-
sidered as a through-hole which exposes the brain directly 
to the air. This contradicts the fact that the human brain 
is a closed entity and the ear opening is a blind hole with 
a certain depth. In addition, the diameters of openings in 
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Abstract 
Purpose The role of ear canal in transmitting blast waves to the brain is not clear. The goal of this work is to char-
acterize the influence of ear canal on blast-induced mild traumatic brain injury through a computational approach. 
Methods A three-dimensional human head model with single-side ear canal details was reconstructed from com-
puted tomography images. The ear canal was positioned either facing the incident blast wave or facing away from 
the blast wave. 
Results The blast wave-head interaction has demonstrated that the overpressure within the ear canal was sub-
stantially amplified when the ear directly faced the blast wave. When it faced away from the blast wave, the over-
pressure within the ear canal was less than the actual incident blast pressure. Regardless of the substantial pres-
sure differences within the ear canal induced by the blast wave, the resulting intracranial pressures were almost 
the same for both cases. 
Conclusions The blast wave-head interaction has demonstrated that the role of the ear canal in brain dynamics, 
and thus brain injury, was negligible. However, the peak overpressure within the ear canal exceeded the docu-
mented tympanic membrane rupture and inner ear damage thresholds. This was speculated to cause the degener-
ation of axons along the auditory pathway up to the midbrain. This work provided fundamental understanding of 
the load transmission through the ear canal and could serve as a platform for designing better protective armors. 
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previous studies [8, 9] are clinically irrelevant and do not 
fall within the anatomical range of the ear canal (5 ~ 10 
mm in diameter). These limitations might overestimate the 
role of the ear canal in the blast-induced mTBI. 
The goal of this work is to ascertain whether the ear 
opening has any prominence in altering the brain re-
sponses under blast loading conditions. A three-dimen-
sional (3D) human head model with single-side ear ca-
nal details was reconstructed from computed tomography 
(CT) data. It was then subjected to blast loadings using nu-
merical analysis. Two cases, i.e., ear opening facing away 
from the blast (case 1) and ear opening facing the blast 
(case 2), were investigated. The intensity of blast overpres-
sures that exerted at the vicinity of the head and within 
the ear opening was monitored. The brain responses in 
terms of ICP were also computed. 
Materials and Methods 
A human head model (Figure 1) was reconstructed from 
CT data, which consisted of 73 axial scans of 5122 pixels 
taken at 3 mm intervals in a male head. The image data 
were segmented into three different tissue types of the 
head, i.e., skull, cerebrospinal fluid (CSF), and brain. The 
segmentation was realized using the 3D image analysis al-
gorithm implemented in Mimics® (Materialise, Inc., Leu-
ven, Belgium). The skull included most of the anatomical 
structures such as the zygomatic bone, mandible, and eye 
sockets. Since it is very time-consuming to capture the 
miniature configuration of the ear canal, only the right ca-
nal (approximately 8 mm in diameter and 32 mm in depth) 
was reconstructed. Followed by segmentation, the head 
model was imported into HyperMesh® (Altair Engineer-
ing, Inc., MI, USA) through an STL file and discretized into 
159,621 10-noded modified quadratic tetrahedron ele-
ments (C3D10M). The adopted element size of 2 mm was 
based on a mesh convergence study [11]. The head model 
was then subjected to a planar blast loading mimicking 
our in-house shock tube as described in our previous work 
[5]. Briefly, the measured incident pressure history with 
peak value of 0.22 MPa was used as the pressure bound-
ary condition at the inlet of the Eulerian domain (400 × 
400 × 1000 mm) filled with air. It consisted of 1,171,566 
brick elements with appropriate mesh refinement near the 
region of the human head to capture the effect of fluid-
structure interaction. The velocity, i.e., the time deriva-
tive of displacement, perpendicular to each face of the 
Eulerian domain was kept equal to zero to avoid escap-
ing/leaking of air through these faces [12]. This would 
create a planar blast front traveling along the incident 
direction without lateral flow. The head model was im-
mersed in the Eulerian domain and their interaction was 
enforced through a penalty contact algorithm with fric-
tionless tangential sliding and hard contact normal behav-
ior. The blast-head interaction model, governed by partial 
differential equations of conservation of mass, momentum 
and energy along with the material constitutive equations 
and boundary conditions, was solved in ABAQUS/explicit 
analysis software (Simulia, Inc.) [13]. 
The skull was modeled as a homogeneous linear elas-
Figure 1. Finite element modeling.  
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tic isotropic material and the Young’s modulus and Pois-
son’s ratio were assumed as 5.37 GPa and 0.19, respec-
tively [14]. The brain was assumed to be linear viscoelastic 
with a shortterm shear modulus of 41 kPa and a long-term 
shear modulus of 7.8 kPa [15]. The CSF was modeled as 
an incompressible fluid using the linear Mie-Grüneisen 
equation of state (EOS), which related the blast velocity 
and fluid particle velocity to the pressure inside the CSF 
[16]. Air was modeled using an ideal gas EOS since the 
Mach number of the blast front measured in our previous 
experiment was approximately 1.4, and the ratio of spe-
cific heats did not change drastically at this Mach num-
ber [17]. A summarization of the material properties is il-
lustrated in Table 1. 
Model Verification 
The anatomically detailed 3D finite element (FE) head 
model with the ear canal was verified against the frontal 
cadaveric impact experiment conducted by Nahum et al. 
[18]. In Nahum’s experiment, the seated stationary cadaver 
subject was impacted at the frontal bone of the skull by 
a rigid mass traveling at a constant velocity. The intracra-
nial pressures were measured at four different locations, 
in which location N1 was in the frontal bone adjacent to 
the impact site, location N2 was immediately posterior 
and superior to the coronal and squamosal sutures in the 
parietal bone, location N3 was inferior to the lambdoidal 
suture in the occipital bone, and location N4 was in the 
occipital bone at the posterior fossa. 
To replicate Nahum’s experiment, the measured im-
pact force from the cadaver test was applied to the fron-
tal bone of the skull in the anterior-posterior direction, in 
the form of a distributed load over an area of 1,300 mm2 
(Figure 2a). Intracranial pressure histories were extracted 
at four different locations (Figure 2b) corresponding to 
those measured in Nahum’s experiment and the compari-
son results were shown in Figure 2c. It is observed that the 
intracranial pressures predicted by the FE model agreed 
well with the experiment at locations N2 and N3; however, 
at locations N1 and N4, the pressures predicted by the FE 
model were much larger. This could be attributed to sev-
eral factors such as the discrepancies in head geometry, 
material properties and boundary conditions, lacking in-
tricate details of meningeal layer and exact locations of 
pressure sensors; all of these could cumulatively contrib-
ute to the differences. The intracranial pressure pattern 
predicted by the FE model was depicted in Figure 2d. A 
typical coup and contrecoup pattern was observed, and 
the pressure varied continuously along the mid-sagittal 
plane. This is consistent with the pressure pattern as re-
ported by other researchers under frontal impact loading 
conditions [14, 19]. 
Results 
The role of the ear canal in transmitting the blast load 
into the brain was studied through two cases as shown in 
Figure 3. When the head model was positioned such that 
the ear opening faced away from the blast (case 1), the 
opening was unlikely to affect the intracranial responses. 
This is due to the fact that the peak intracranial pressures/
stresses have already been established in the brain well 
before the opening directly interacted with the blast front. 
On the contrary, case 2 positioned the head to expose the 
ear opening directly facing the oncoming blast. Then the 
Table 1. Material properties. 
(a) Elastic material properties: 
 Material Density (kg/m3) Young’s modulus (MPa) Poisson’s ratio (/) 
 Skull  1710  5370  0.19 
 Brain  1040  1.314  0.4999 
(b) Viscoelastic material properties: 
 Material Short-term shear modulus (kPa) Long-term shear modulus (kPa) Decay constant (ms) 
 Brain  41  7.8  700 
(c) Incompressible fluid EOS parameters: 
 Material Viscosity (Ns/mm2) Sound speed (mm/s) Hugoniot slope coefficient (/) Grüneisen’s gamma (/) 
 CSF  1 × 10-8  1.48 × 106  0  0 
(d) Ideal gas EOS parameters: 
 Material Density (kg/m3) Gas constant (J/kgK) Temperature (K) 
 Air  1.1607  287.05  300   
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Figure 2. Verification of CT-based head model with Nahum’s experiment. (a) Head model subjected to Nahum’s experiment; (b) Locations at which 
pressure comparisons were made; (c) Comparison results of pressure histories; (d) Pressure pattern in the brain at t = 5 ms.   
Figure 3. Reflected overpressures around the head: (a) Ear opening facing away from the blast, and (b) Ear opening facing the blast.  
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opening affected the intracranial responses. Therefore, any 
differences in the peak brain responses between the two 
cases were attributed to the ear opening, given that all the 
other parameters, including blast load, Eulerian mesh, and 
boundary condition remained constant. 
Blast – head interactions 
The blast loading on the head can be estimated by 
monitoring the reflected overpressures around the head at 
various locations (Figure 3). In case 1, the highest reflected 
overpressure of 0.62 MPa was observed at the front lo-
cation. Compared to the incident pressure, the reflection 
factor Λ, i.e., the ratio of reflected overpressure to inci-
dent pressure, was calculated as 2.8. However, the over-
pressure within the ear opening was found to be minimal 
and only with a peak value of 0.10 MPa (Λ = 0.45). In case 
2, the highest reflected overpressure of 0.70 MPa (Λ = 3.2) 
was observed within the ear opening, and the observa-
tions at other locations were the same as the case 1. The 
peak overpressure inside the ear canal in case 2 was ap-
proximately 7 times greater than that in case 1. It is also 
observed that the peak overpressure measured at back 
location 2 was 0.33 MPa (Λ = 1.3), which was higher than 
that of 0.22 MPa (Λ = 1.0) at the top and 0.15 MPa (Λ = 
0.68) at back location 1. 
Intracranial pressure 
The propagation of pressure waves in the coronal plane 
of the brain is illustrated in Figure 4. There was negligi-
ble difference between the two cases, therefore we only 
showed the results from case 1. The peak positive ICP 
(compression) is observed at the frontal location at 0.5 
ms with a smooth pressure front. The pressure wave prop-
agated and reached the posterior end at 0.55 ms when 
the reflection/refraction took place at the brain/skull in-
terfaces and gave rise to complex pressure distribution 
in the brain. At approximately 0.65 ms, the peak negative 
ICP (tension) of -0.27 MPa is observed at the posterior lo-
cation. The pressure distribution in the brain portrayed a 
classical coup and countercoup pattern. 
The detailed ICP histories at four distinct locations in 
the mid-coronal plane of the brain are depicted in Figure 
5. Location P1 is the site close to the ear opening, where 
one can expect the effect of the ear opening on intracra-
nial tissue responses, if any exists. Location P2 is the site 
with close proximity to the blast source (coup site). Loca-
tion P3 is approximately at the center of the brain, and 
location P4 is exactly opposite to the site of blast impact 
(countercoup site), which is considered to be the most vul-
nerable region for the cavitation type of brain injury. It is 
clear that there was no significant difference in ICP histo-
ries between the two cases, although the head model in 
case 2 predicted much larger reflected overpressure within 
the ear canal. As the blast front propagated and reached 
specific locations, the first peak ICP in both cases was ob-
served as 0.47 MPa at location P2, followed by 0.38 MPa 
at location P1, 0.24 MPa at location P3, and 0.11 MPa at 
location P4, respectively. The blast front-induced ICP at-
tenuated by approximately 76.6% as the wave propagated 
from the coup site P2 to the countercoup site P4. In ad-
dition, these ICPs were also the maximum values except 
the posterior location P4, which rose to 0.25 MPa at a 
later time t = 0.95 ms. The ICP histories in the mid-sagit-
tal plane of the brain were also measured and again, there 
was no appreciable difference between the two cases (re-
sults not shown for brevity). 
Discussion 
It is well known that ears are the most vulnerable organs 
under blast loading conditions. Recently it was also spec-
ulated that the ear canal might affect how the blast wave 
surged into the brain [6, 7]. However, no study has been 
performed to date that has concretely focused on inves-
tigating the effect of ear openings on intracranial tissue. 
In this work, a 3D human head model with single-side 
ear canal details was reconstructed to examine the role of 
the ear canal in transmitting the blast wave into brain dy-
namics. The model was first verified against the cadaveric 
impact experiment conducted by Nahum et al. [18] and 
reasonable agreement has been achieved (Figure 2c). In 
addition, the modeling framework was also validated by 
our in-house experiments [5, 12]. The verified model was 
then placed inside the shock tube (Eulerian domain) and 
Figure 4. Illustration of the intracranial pressure wave propagation in the coronal plane of the brain.  
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subjected to the experimental measured blast loading. 
To characterize the role of the ear canal in blast-induced 
mTBI, two different cases were simulated. In the first case, 
the ear opening was facing away from the blast, and in the 
second case, the ear opening was facing the blast. 
The maximum reflected pressure was observed within 
the ear canal when it was facing the incident blast wave, 
and the minimum reflected pressure was observed when 
it was facing away from the incident wave. The flow dy-
namics across the head were used to explain the pres-
sure variation inside the ear canal (Figure 6). When the 
ear opening faces the incident wave, the blast overpres-
sure can easily gush into the ear canal without obstruc-
tion, thereby acting like a funnel focusing the blast wave 
Figure 5. Comparison of the intracranial pressure histories at four different locations (P1 – P4) in the mid-coronal plane of the brain.  
Figure 6. Snapshots of the blast wave propagation and its interaction with the head: (a) Ear opening facing away from the blast, and (b) Ear open-
ing facing the blast.    
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at a small area. This results in significant pressure ampli-
fication within the ear canal. In the case of the ear open-
ing facing away from the blast wave, hardly any blast wave 
can enter into the ear canal and the reflected overpres-
sure within the ear canal was even lower (~50%) than the 
actual incident pressure. 
The flow dynamics across the head indicate that there 
is a significant amount of loading that only takes place at 
the frontal and posterior locations. At the frontal location 
of the head, the pressure amplification is caused by sud-
den obstruction of the blast flow. As the blast wave con-
tinues to flow across the head, due to the high velocity of 
the blast wave and geometry of the head, the flow sepa-
rates at the top and side locations, which again reunites 
at the posterior location. This led to an increase in blast 
overpressure at the posterior location of the head. This 
flow separation and reunion are likely to occur with any 
kind of head models; however, the location of flow separa-
tion and union depends on the geometry of the exploded 
subject, as well as the intensity and velocity of the blast. 
Thus the flow obstruction, separation, and reunion cause 
differential loading across the head. Also, there is a sig-
nificant amount of loading within the ear canal that only 
occurs when the ear opening is facing the blast (case 2). 
Although there was a significant amount of loading 
within the ear canal in case 2, the ICP responses were al-
most the same with case 1 (Figure 5). This indicated that 
the role of the ear canal in intracranial tissue responses 
was negligible. One possible reason is that the aggravated 
reflected overpressure within the ear canal is acting over a 
relatively small area compared to the head surface, mak-
ing its contribution to brain dynamic minimal. However, 
various studies in which animals are subjected to blasts or 
extreme acoustic loadings have shown that the damage to 
the inner ear can induce cellular level injuries to the brain 
[7, 9]. For example, a chinchilla study showed that hair cell 
loss was well correlated with the axonal degeneration or 
damage in the central nervous system [20]. 
Efforts have then been made to identify the injury 
thresholds of the ear. Much testing data are available for 
predicting the tympanic membrane (TM) rupture, since it 
is the most common otologic injury subjected to blast. 
Several experiments have been performed on animals and 
cadavers to determine the TM rupture threshold, but with 
significant variations [21-24]. These variations might de-
pend on the blast load properties; the physical features 
of the external ear such as the geometry of the ear canal 
(length, diameter, and shape); the histological features of 
the membrane itself; and the history of previous expo-
sure to the noise [25, 26]. Regardless of the variations, 
0.1 MPa has been considered as the threshold value for 
50% of incidents of human TM rupture under blast load-
ing conditions [24, 25]. The lower limit of this threshold is 
estimated as 0.03 MPa. It should also be noted that inner 
ear organs are more susceptible to damage than middle 
ear organs [27]. 
The documented injury threshold of ears was com-
pared with our predicted peak overpressures within the 
ear canal, i.e., 0.10 MPa in case 1 and 0.70 MPa in case 2. 
Both cases indicated a fair chance of cellular level injury 
to the brain emerging through ear damages. The extent 
and severity of the cellular level of brain injuries in case 
2 was expected to be larger than case 1 due to the rela-
tively higher blast loadings. It should be pointed out that 
the reflected blast overpressure within the ear canal might 
be overestimated without considering the detailed con-
figuration of the ear. Details such as the pinna, auricles, 
and concha were expected to be added into future ver-
sions of our models. 
Conclusions 
This work has demonstrated that the ear canal is not the 
primary transduction pathway of blast energy to the brain. 
The conclusions are summarized as following: 
● Blast overpressure can be substantially amplified 
within the ear canal when it directly faces the blast 
wave. When the ear faces away from the blast wave, 
the blast overpressure within the ear canal is less 
than the actual incident pressure. 
● The reflected pressure within the ear canal, even fac-
ing the blast wave, has minimal impact on the brain 
dynamics, however it induced damage to the ear 
organ, which might cause brain injury through the 
auditory pathway to the brain. 
Findings from this work can contribute to a deeper un-
derstanding of the role of the ear canal during a blast 
event, and help develop better protective measures 
against blast-induced mTBI. 
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